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ABSTRACT

Swenson, Kristin Natvig, Ph.D., Nuclear Engineering (Medical Physics)
Ph.D. Program, University of Cincinnati, 1990. The Effect of
Irradiation on Bone Remodelling and the Structural Integrity of the
Vert'bral Column.

The effects of therapeutic levels of radiation on the axial
properties of the primate vertebral column were studied. Seven
male rhesus monkeys (Macace mulatta) were irradiated with a single
dose of 1300 cGy to the specific lumbar vertebrae of L2, L3, and L4.
Three additional animals served as controls. Radiographs were taken

before the radiation treatmeat and just prior to sacrifice to
determine density changes in the bone. The animal subjects were
sacrificed 105 days following the radiation exposure. Biomechanical
testing was completed on lumbar levels 2 and 3 to identify changes

in strength characteristics following radiation treatment.
Histomorphometric analysis of lumbar vertebrae level 4 was
completed to identify volume and surface density changes as well as
cellular changes. Tetracycline, dicarbomethylaminomethyl

fluorescein (DCAF), and xylenol orange were used as bone labeling
agents to aid in the histomorphometry and to obtain dynamic
parameter changes., .Eiw&ýy,--trabecular pattern measurements were
completed on lumbar level 4. e 3 r et

The histomorphometry indicated significant decreases in bone
volume and surface density of bone for selected regions. Osteoid
volume increased in three of the four regions, and osteoid surface

density increased in all four analytical regions (anterior, posterior,
inferior, and superior). Adjusted appositional rate increased in the

posterior region, as me;azured between the first two labels and the
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last two labels on the irradiated animal subjects. Compression

testing on the vertebral centrum resulted in no significant
differences between the treatment and control groups. Trabecular

pattern measurement indicated significant differences in the amount
of horizontal supporting trabeculae, with a large decrease for the
irradiated animal subjects. Also a decrease in the number of

vertical trabeculae in the upper quadrant was observed. The
radiographs did not indicate any differences between the control

and the irradiated animal subjects. The above results indicate that
therapeutic levels of radiation may bring changes upon the skeletal

system, specifically decreased bone and/or surface volume, and
increased activation frequency and bone formation. Strength is

maintained in the trabecular structure. by compromising the

horizontal trabecuiae.
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INTRODUCTION

The skeletal system is composed of dynamically changing
tissues which adapt in response to external and internal factors
including workload, diet, hormones, disease, and gravity. During
normal activity, the magnitude and orientation of the strains
imposed on the skeletal system are a result of a complex interaction
between external forces and muscular activity. In the absence of
physical activity, or due to disease, osteolysis occurs which results in
bone resorption. Previously thought to be resistant to doses of
radiation, bone has recently been shown to be relatively
radiosensitive (Ergun and IHowland 1980). An increase in
spoutaneous fracture incidence following irradiation was observed as
early as 1926, before radiation therapy was utilized to the extent
that it is today for cancer therapy (Ewing 1926). Radiation induced
changes in bone several years after radiation therapy are described
as irregular, lytic, having transverse fissures, and increased
radiolucency confined to the irradiated volume (Hlowland CLj-.A.
1975). Sengupta and Prathap (1973) described three cases seven
years piost irradiation. All three cases had widespread osteoporosis
with two individuals exhibiting patchy sclerosis. One individual had
a fracture of the humerus due to the osteoporosis. While
osteoporosis and subsequent fracture occurrence have a latency
period of years, the histological effect, as observed by osteoblast and
osteoclast changes, can be observed as early as four weeks post
radiation. (Dalinka CtaL. 1974, Rafii .L La.198 8. and Alb-,ecktsson Ll
al. 1980b). True radiation induced osteonecrosis (irreversible death
of bone) rarely occurs (Ergun and Howland 1980).

The primary result of radiation treatment of bone is atrophy
and as described by Ergun and Ilowland (1980). is due to primarily



2

three reasons: 1) absence of essential nutrients, 2) interference with
nutrient uptake and normal cellular stimulation and 3) damage to
the vascular system supplying the bone tissue. Thus, the two
primary factors to be considered for the observed post radiation
bone atrophy are the vascular changes and the bone changes at the
cellular !e-0el. It is not known which of these two dominates the
resultant damage to the bone, but both have a major role. (Ergun
and Howland 1980) More than likely it is a combination of the two,
as the vascular supply delivers the nutrients needed for the bone
remodelling sequence to proceed as nc--nal (Dambrain etLat. 1988),
and the bone resorption has been associated with dilated blood
vessels and reduced blood flow (Albrecktsson 1980a). However, the
vascular reaction following irradiation is very hard to analyze due to
the presence and opacity of the bone tissue (Albrektsson etal. 1985).
The pattern of the individual trabeculae play a very important role
in the response of the bone to mechanical loading. Whereas cortical
bone is very compact, dense and primarily resists bending forces,
trabeculae or cancellous bone is of a lattice structure made of
supporting framework of lamellar bone filled with bone marrow
tissue. The construction or makeup of trabecular bone is optimum in
responding to any type of compressive loading. Thus, the logic
behind the locations of the trabecular bone in the human body:
vertebra, pelvis and the femoral head and neck. Cortical bone is
primarily in the long bones or appendages and the outer walls of all

ooaes of the mammal. This also helps explain how hip fractures can
easily occur in osteoporotic individuals: the femur is under a bending
or torsional loading situation along with predominant loss of
trabecular bone ano the fact that it responds best under compressive
loads and not bending loads, results in a fracture. (Ergun and
Howland 1980; and Van Audekercke and Martens 1984)

This process of bone activity at the cellular level is termed
modelling or remodelling. Modelling signifies the resorptive and
formative process in association with elongation of growth: the
forming and shaping of a growing bone. Remodelling, on the other
hand, refers to the processes of resorption and formation that
continue after growth has taken place (Frost 1969; and Frost 1983).



Remodelling maintains skeletal integrity by repairing and renewing

damaged and senescent bone before it hinders the skeletal

framework function. The skeletal system is sensitive to the demands

made upon it and is able to adjust its structure accordingly. In other

words, bone is able to respond to internal strains and pass along

information to the osteoprogenitor cells for appropriate action, that

beiag diffurentiaticii of osteoblasts from osteoprogenitur cells at the

site where new bone is required to strengthen the structure, and of

osteoclasts to the location where redundant bone is found (Albright

and Brand 1979). Remodelling occurs in individual "groups" of bone

cells that respond to a given stimulus (Parfitt 1983a; and Frost

1983). These remodelling groups or packets are referred to --- Basic

Multicellular Units (BMUs) (Frost 1983a) or Bone Structuial Units

(BSUs) (Parfitt 1983a). The BMUs react to some yet unknown

stimulus, that causes activation of the osteoprogenitor cells producing

daughter cells, those being either osteoclasts or osteoblasts. The

osteoclasts appear first and actively resorb bone, approximately 0.05

jim 3 per BMU (Frost 1969). Osteoclasts are large multinucleated

cells found within Howship's lacunae or areas erroded away by the

osteoclasts. Under microscopic examination osteoclasts have a

ruffled border and therefore larger surface area, to infiltrate and

disintegrate bone. The percent of resorbing surface of trabecular

bone at any given time for a human is 1.2%, twice that of cortical

bone. During resorption the solid mineral is solubized and is

transferred via the osteoclast to the extra cellular fluid (ECF). Contact

of the bone with the ECF is strictly through osteoclasts, osteoblasts or

lining cells, which are quiescent osteoblasts lining the bone surface.

Next, osteoblasts appear and replace with new bone that which the

osteoclasts have previously removed. Formation occurs only in those

areas of bone that have undergone resorption (Frost 1963). Six

percent of the total trabecular bone surface is in the formation phase,

again twice as much as the cortical bone. The rest of the trabecular

bone surface (92.8%) is in an inert phase. Bone formation occurs in

two steps: matrix formation (osteoid or unmineralized bone) and

mineralization. The time delay or mineralization lag time between

the initial laying down of the osteoid and mineralization is about 10-
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20 days. Mineralization does not occur all at once. Primary
mineralization is due to the osteoblasts, and only about 70% of the
maximum mineral density is reached. After a few days the resting
osteoblasts or lining cells increase the mineral density to 95%.
Greater mineralization than this is known as the disease state
osteopetrosis (Parfitt 1983a). A great amount of information is
learned from in vivo bone labels known as osteochromes. Certain

chemical agents such as tetracycline can become incorporated
irreversibly into the bone matrix as mineralization occurs. Under

ultraviolet light these osteochromes fluoresce and a permanent
marker remains. When these markers are administered two weeks
hence, measurements may be made that correspond to bone growth,
resulting in a dynamic measurement parameter.

This sequence of events taking place during remodelling is
denoted by Activation-Resorption -Formation (A-R-F). The amount of
time that this sequence takes is referred to as sigma. Duration of
formation and resorption differ among species and between different
parts of the skeleton (Podenphant and Engel 1987). The duration of
human formation is 76 days, while that of a monkey is 55 days. The

duration of iesorption is 15.1 days in man and 13.0 days in monkeys.
Sigma for the entire sequence also includes a quiescent period of 0-
20 days between the resorption and formation phases of the
sequence. Thus, for man, the total sigma can range between 95 and

125 days (Parfitt 1983a).
The bone remodelling sequence of A-R-F has not been

observed to decrease in all aspects but the osteoblasis (formation)
seem to be particularly sensitive to radiation (Ergun and Howland
1980; and Cox and Moss 1986). Sengupta and Prathap (1973) report
that osteoblasts virtually disappear, but that their activity is not

completcly suppressed even at 10,000 cGy(rad). Growing bone
which is primarily in the modelling stage (thus mostly osteoblastic

activity), does not reach its expected length following radiation. This
effect of radiation on growing bone substantiates the observed
response of the osteoblasts to radiation (Rubin 1959; Barnhard and
Geyer 1962: and Vaughan i968). Alkaline phosphatase activity,
which is associated with osteob!astic activity, has also been observed
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to decrease following radiation treatment (Babicky and Kolar 1966;
Engstrom 1987; and Sams 1965). However, if the osteoblasts are
more sensitive than osteoclasts, the normal A-R-F sequence will be

abnormal and resorption will be greater than the formation due to

the effect on the osteoblasts. Most likely this will result in less
trabecular volume, narrowing of the trabeculae and an increase in

the marrow space. Porosity can increase (Maeda etaL 1988) as well
as a loss of the structural components. This could affect the resulting
compressive strength of the vertebrae, depending on which
trabecular elements are compromised. As late as 10 weeks post
radiation treatment, osteocyte lacunae still lacked outer demarcation

at doses of 1500 cGy to the long bones of rabbits. Osteocytes, or end
stage cells, are radioresistant after doses of 40 Gy irradiation

(Jacobsson 1985c, 1987).

With this decrease in osteoblastic activity, osteoclastic activity
has been observed to increase, resulting in empty lacunae. Results

by Maeda and coworkers (1988) suggest that both osteoblastic and

osteoclastic activity were suppressed in rats subjected to a single
dose of 3500 cGy to the right femur. As early as 4 weeks post
radiation, mature bone appeared slightly remodelled in the rabbits.

By 6 weeks bone resorption was more apparent and by 10 weeks
new bone formation was observed. (Albrecktsson e 1980b)

Changes in acid phosphatase, which is associated with changes in
osteoclastic activity, have been observed to increase during the

experimental period and return to normal after 30 days (Engstrom

1987). Some studies utilizing rats and mice as subjects report no
effect on formation at all, thus no osteoblastic impairment, but bone
remodelling alterations were only due to changes in bone resorption

activities (Anderson etal 1979; and Albrektsson 0t L. 1980). Jee
(1984) similarly observed that effects on the osteoclasts were

directly related to the vascular system. Differentiation of osteoclasts
was due to decreased bone blood perfusion which induced hypoxia

thus stimulating differentiation.

Some studies have shown that the bone remodelling dynamics

are altered but that they can return to normal after a period of time.
Bures and Wuehrmann (1968) wrote that the remodelling observed
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changes in rats' mandibles and tibias returned to normal 45 days
post radiation therapy (4500 and 9000 cGy dose). Aitasalo and Neva
(1985) reported changes in the number of trabeculae and porosity

that were reversible 6 to 12 months later. Studies concerning
regeneration of bone also substantiated a return to the norm in bone
remodelling (Amsell and Dell 1972; Jacobsson etaL, 1985a, 1985b,
1985d; and Saha 1985).

Changes in bone growth have been observed experimentally at
irradiation treatment levels of 500 cGy (Jacobsson L 1985a), but

most definitely at levels above 2400 cGy (Aronson etal. 1976; Maeda

etal. 1988; Spencer gL..a1l 1988; and Jacobsson _etl 1985b,1985c).
Radiographically demonstrable atrophic changes begin to appear at
4000 cGy(rem) absorbed dose and become severe up to 10,000
cGy(rem) absorbed dose (Howland et al. 1975; Ergun and Howland
1980; and Spencer etLa. 1988). Observation of these radiographs by
the human eye can only detect changes after a 30-60% reduction in
the calcium content in the vertebral column (Crone-Munzebrock
1987; and Ergun and Howland 1980).

Deformations in the spine due to childhood radiation
treatments have been determined to be dependent on several
factors: 1) length of the spine irradiated, 2) radiation dose and dose
gradient, 3) age of patient, 4) time duration since treatment, and 5)

post treatment medical care (Parker and Berry 1976). These
concerns can also be applied to radiation treatment of adult bone.

The primary objectives of this research were to quantitate the
effects of therapeutic levels of radiation on the mechanical properties
and the cellular changes of the vertebral bodies. Quantitation was

accomplished through four methods: histomorphometry,
compression tests, trabecular pattern measurement and
densitometry. Histomorphometric analysis (or the measurement of
cellular activity) of bone remodelling parameters exposed the
activity at the cellular level. This cellular analysis can provide the
underlying information that is responsible for the more obvious
results or complications of radiation therapy. Trabecular bone is a
better indicator of osteoporosis as bone turnover is much faster than

in cortical bone (Leichter etl. 1987). The vertebral centrum
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compression testing was completed to quantitate the gross strength
changes. These two methods are commonly used to assess cellular
and strength changes resulting from mechanical stresses. The

trabecular pattern measurement was completed to help support the
results from the biomechanical testing and the histomorphometry
with information about the individual trabecula within the vertebral

column.

Density changes were observed through radiographs.
Histomorphometry and compression tests are destructive tests and

cannot be used in clinical practice, but in research can tell us a great
deal. Density measurements however, can be used in a clinical
environment and thus compared with these experimental results.
Changes in bone density observed allow one to establish a response
relationship for the acute changes observed in human patients. This
is clinically important as it will help predict which radiation therapy
patients may be at substantial risk for future complications. Once

bone formation is hindered and bone density lost, osteoporosis can
result with fracture or radiation induced osteonecrosis likely to

follow. (Cox and Moss 1989; and Sengupta and Prathap 1973)
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EXPERIMENTAL PROCEDURE AND RESULTS

Experimental Animals

Ten male rhesus monkeys (macaca mulatta), approximately
seven years old were used for this study. The animals were
radiographed to ensure that there were no congenital, or acquired
postural abnormalities in their musculoskeletal structure. Selection
of a subject was difficult, but the rhesus monkey was selected for
several reasons. First, they are considered to be an excellent model
for bone remodelling research (Mack gL..d. 1967, Swenson 1987, and
Kazarian and von Gierke 1971). The growth and development, as
well as overall geometry and architecture of the skeletal system
correlates well with the human skeletal system (Beddoe 1978 and
France 1984). In many cases bone strength, fracture healing
patterns, and disuse-related bone degeneration compare closely with
human clinical findings (Mack 1967, and Kazarian and von Gierke
1969). Secondly, in contrast to lower animals such as rodents, the
rhesus skeletal response to stress involves bone remodelling as well
as modelling. Small mammals undergo remodelling to a limited
extent which is confined to specific areas of bone and displays an
irregular activity. (Hert 1972)

Other lower animals, such as the pig would not provide a good
model due to the variances in bone density. "Clearly the trabecular
structure of the human bones are very much less compact than those
of the beagle and miniature pig, while the rhesus monkey bones are
in this respect more similar to the human bones than to those of
other animals." (Beddoe 1978) Mean trabecular path length and
percentage bone volume were much greater for the miniature pig
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and surface-to-volume ratios in the pig were much smaller, albeit
varying little between other species. (Beddoe 1978) Bone density is

a critical parameter between species when observing effects of
radiation, and the bone density of the rhesus monkey parallels that
of the human (Pope et al. 1989). Density will affect the linear

attenuation of the photons which in turn will critically affect the
absorbed dose. In this study it is important that the absorbed dose

of the animal subjects be as close as possible to that which would be

observed in humans, in order to make valid comparisons. Finally,
anthropomorphically a biped is preferred for bone remodelling

studies of the vertebral column, as the skeletal loading mechanism is
more similar to that of a human.

Animal identification numbers, beginning weights, ages and
treatment group are presented in Table 1. The animal's treatment
group was randomly selected using a random number generator.

The animals were housed as they existed in the Aerospace Medical
Research Laboratory Veterinary Sciences Building, Wright-Patterson

Air Force Base. The animals were fed a diet of approximately 10

monkey chow biscuits (Purina Monkey Chow) twice per day, and half
an apple once per day. On days when labeling or the radiation

exposure were accomplished, the animals were not fed in the
morning prior to the treatment. This was necessary when any type

of anesthetic was used, so that the animal would not asphyxiate on

ingested food.

In Vivo Samples. Measurements and Administration

Below is a list and description of samples and tissues collected
before necropsy.

1. LBlod serum-Approximately 5 ccs of blood was collected via the
femoral artery. Blood was collected in the mornings the week prior
to the radiation treatment, each week for three weeks after and

every two weeks until necropsy. This was placed in EDTA treated
tubes for routine hematological analysis. The blood analysis was to
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TABLE 1

SUBJECT IDENTIFICATION, BIRTH DATES, WEIGHTS
AND TREATMENT GROUP

SUBJECT BIRTHDATE WEIGHT(kcil REATMENT GROUP
JU 4/8/81 9.6 IRRADIATED

N610 3/24/81 8.6 IRRADIATED
N620 4/?/81 11.8 CONTROL
N626 4/23/81 8.8 IRRADIATED
N630 4/29/81 9.8 IRRADIATED
N639 5/5/81 9.4 CONTROL
N656 5/26/81 13.6 CONTROL
N669 6/12/81 10.6 IRRADIATED
N680 6/25/81 9.6 IRRADIATED
N685 7/11/81 10.8 IRRADIATED
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ensure that the animals remained healthy following the radiation

therapy treatment.

2. Radiographs-Lateral view and anterior-posterior view
radiographs were taken prior to selecting the animals for the study
and just prior to necropsy to allow for density measurements.

3. Health Records-Records of experimental procedures performed,

food intake and animal health were kept routinely during the course
of the experiment.

4. Bone label.ij.ag-Osteochromes (bone labels) were given at four
different times: twice before irradiation and twice just prior to
necropsy.

Necropsy and Tissue Collection

Necropsies of the animals occurred on two consecutive days
105 days following the radiation treatment which occurred on two
consecutive days. The tissue used for biomechanical tests was
prepared by separating the vertebral bodies, removing all the soft
tissue and intervertebral discs, and by removing all processes
including the lateral, and posterior processes. These were frozen

until further preparation was completed. The vertebral bodies used

for histomorphometry were placed in 70% ethanol until further
preparation could be completed. It was observed in the pathology
report that two of the animal subjects had predominately fatty
replacement of bone marrow tissue in vertebrae other than those

analyzed for this study. This has been commonly found in autopsies
of radiation therapy patients (Schantz C1_a1. 1971). Other tissues
were collected for other studies so as to obtain a greater amount of

usefull information from each animal. These included the femurs,
patellas. thoracic level twelve and lumbar levels one and five.
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Radiation Dose Administration and Dosimetry

Dose Administration
Seven of the ten rhesus monkeys were irradiated. The animals

were preanesthetized with ketamine (15 mg/kg) followed with a
mixture of halothane and nitrous oxide during radiation treatment

and transport. The animal subjects were transported from the
veterinary facility in transport cages to the linear accelerator in the

Wright-Patterson Air Force Base Medical Center Radiation Therapy
Department. (See Figure 1.) Each subject's treatment field was
simulated using a Varian Ximatron CX Radiotherapy Simulator
(Varian Associates, Inc., Palo Alto, CA 94303). A field of
approximately 7 cm in length by 3.5 cm in width was used for the
specific lumbar levels 2. 3 and 4 and also including the outer
adjoining discs (between LI and L2, and L4 and L5) to assure that all
of L2, L3 and L4 were included in the radiation treatment field. (See
Figure 3 and 4.) A depth of 3 cm from the skin surface to the center

of the vertebrae was chosen as the treated reference depth. To treat
1300 cGy to the reference depth, calculation of the correct monitor
units was completed with a Computerized Medical Systems
Treatment Planning System (CMS Inc., Maryland Heights, MO 63043).
The dose of 13(W) cGy was administered posterior to anterior in one
single exposure at a dose rate of 260 monitor units (MUs) per

minute. Previous work has shown this dose to be biologically
equivalent to 40 Gy delivered in a fractional regime as calculated by
the following formula (Powers 1988):



Fi'lure 1. Transport of animals from the veterinary facility to the

rad iation theta ,de~ a rtmn

2 khc,,ws mhikkC\, In IposItIl)n Mn imear ziccceirator trcatineii

rw tHe cirul mn the ,kMn ()I thc ujc ersnsh

ii 1)1 Ii I



RU MIn ate or-postenor viewof the treatment field from the simulator set up.



15

a/B +d ref

dnew= (D ref)
a/6 +d new

where 40 Gy is the reference dose (Dref) and 200 cGy per fraction is
the fractionated dose (dref) and the a/6 ratio is 3, solving for dnew

by quadratic equation the new single dose would be 12.7 Gy.
(Withers 1988) The dose of 40 Gy was chosen as it is representative
of a total dose given in a radiation therapy treatment. The dose was
administered utilizing 6 MV (megavolts) photons from a Clinac 1800
linear accelerator (Varian Associates, Inc., Palo Alto, CA 94303) at
100 SSD (source-to-surface distance) and 260 MU pre minute. Port
films were taken to verify the proper treatment field.

The animals were treated on two consecutive days. Three

animals were treated the first day and four animals were treated the
second day. The entire procedure took about 4 hours during which

time all the animals were anesthetized. (Figure 2) Two of the seven
animals went into shock following the treatment. This was thought
to be due to the extensive time duration that the animals were under
anesthetic and possibly. the bone labeling compounds interfered with

the ability of the liver to metabolize the anesthetic. The animals
were hypothermic. therefore warm IV fluids were given while

increasing the animals body temperature with warm water enemas

and warm baths. The two animals recovered and were thereafter
asympt(:latic. The control animals were not anesthetized.

It was critical to this study to assure that the proper dose was

administered to the three lumbar vertebral bodies in study and to
assess the scatter to the adjacent vertebrae. There may be as much

as a 500 cGy gradient from the posterior to the anterior margins of
the vertebral bodies and the dose may be different for each
particular vertebral body (Parker and Berry 1976). Iso-dose curves
were computed using a CMS Treatment Planning System with the

results shown in Figures 5 and 6. The density of a bone used for
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1 -7-1i

00C0

500 cGy

A

Figure 5, Isodose curves calculated from the treatment
plan showing sagittal view of lumbar spine, Dashed lines
represent the division of the five lumbar vertebrae. The
direction of the photon beam is represented by an arrow.
Orientation of spine denoted with S (superior), I (inferior),
and A (anterior). Relative positions of the
histomorphometry regions are indicated by rectangles,
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12I0 cGy

1000 cGy

Figure 6. Isolose curves calculated from the treatment
plan showing superior view of posterior to anterior
directed irradiation. Direction of photon beam is
indicated by an arrow. Rei e position of the
histomorphometry regions , ':Jilcated by the dashed
line
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calculation was 1.2 gm/cc (ICRU Report 24, 1976 and Sontag and
Cunningham, 1977). All other tissue was considered 1 gm/cc. In
addition to the treatment dosimetry plan, thermoluminescent
dosimetry calculations were also used.

Seventy-four lithium fluoride thermoluminescent dosimeters
(TLDs) were selected from 120 batched TLDs. Selection was done
after annealing all TLDs at 400 degrees Celsius for one hour, and then
24 hours at room temperature using a Box Type Muffle Furnace,
(Blue M Electric Company, Blue Island, IL 60406, Model E-514A-1).
The TLDs were then irradiated to 1500 cGy at a dose rate of 260
monitor units per minute at dmax (1.5 cm for 6 MV photons)

utilizing a 6 MV photon energy. Readings of the TLDs were
completed using an Automated TL Analyzer System (Model 2000D),
and Automatic Integrating Picoammeter (Model 2000-B, The
Harshaw Chemical Company, Solon OH 44139), and a Digital Recorder
(Model 6110, United Systems Corp., Dayton OH 45403), The TLD
readings were ranked in numerical order and the lowest and highest
values were eliminated leaving the center 74 TLD readings. Each
highest reading TLD and the lowest reading TLD were paired until
the remaining center two TLDs were paired. The TLDs were again
annealed at 400 degrees Celsius for one hour and then 24 hours at
room temperature.

A calibration curve was created using 24 of these TLDs. Six
sets of 4 TLDs each were irradiated at dmax at six different doses:
3600, 500, 800, 1000, 1500, and 2000 cGy. The response curve is
shown in Figure 7. Calculation of TLD readings were made from this
curve. (Horowitz 1984)

Each pair of TLDs were wrapped in cellophane wrap then
aligned between two pieces of hypoallergenic cloth tape in a row of
five pairs. This strip was then placed along a rhesus monkey
cadaver spine as in Figure 8. The spine from a 9 kg, six year old
rhesus monkey was used for the dosimetry analysis. (Procured from
Yerkes Primate Research Laboratory, Emory University, Atlanta GA.)
Five strips were prepared. One for the anterior of the spine, two for
each lateral anterior aspect of the spine and two for each side of the
spinous process. The entire spine was then wrapped in cellophane
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Anterior

Inferior U Superior

Posterior

Figure 8 Placement of the thermoluminescent dosimeters
on the left anterior portion of the vertebrae, Each pair of
dosimeters were wrapped in celophane wrap , placed
between two strips of hypoallergenic cloth tape and placed
along the vertebrae.
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wrap and placed in a vacuum sealed plastic bag and again in a
second sealed plastic bag. A tub of 12 cm of water was used to
simulate tissue for backscatter with the posterior process of the
spine submerged 0.5 cm under the water's surface. A dose of 1300

cGy was delivered to a reference depth of 3 cm with a field of 3.5 cm
in width and 7 cm in length. The TLDs were then removed from the

cellophane wrap and read using the Harshaw Analyzer System.

Results

The treatment plan in Figures 5 and 6 demonstrate that there
was a dose gradient of 150 cGy from the posterior to the anterior
spine. The posterior dosc was about 1250 cGy with the rest of the
spine including the anterior portion receiving 1100 cGy. The
adjoining lumbar vertebra (LI and L5) received approximately 500
cGy at the location where they join L2 and L4 as shown in Figure 5.

When the wrapping was taken off the rhesus monkey cadaver
spine following the dose for the TLD analysis, it was evident that the

anterior strip of TLD had become misaligned, with the TLDs on
lumbar one and lumbar two off center. The other three pairs of TLDs
on lumbar levels L3, L4 and L5 were in the correct position. The
doses to the anterior location of L3 and L4 were 738 cGy and 898
cGy respectively. The right anterior strip of L2, L3 and L4 received
doses between 145 cGy and 869 cGy. The left anterior strip received
between 1060 to 1089 cGy. This discrepancy, or off balance, would
seem to indicate that the spine was slightly misaligned and the dose
that was delivered to the right lateral side traveled through more of
the processes, which are primarily cortical bone and therefore more

dense, thus resulting in a lower dose. A slight misalignment could
account for a dose gradient if this were the case. The lateral strips
varied form 834 coy (right lateral) to 1080 coy (left lateral). These
dose variations are displayed in Figure 9.

The TLD readings on the adjacent vertebrae of LI and L5 show
a varied response from 0 cGy (unreadable value off the calibration
curve) on 1. to 1077 cGy on LI. The left lateral and left anterior
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154-898 cGy

l060-1O 8 145-869 cGy

LcGy Right Lateral
Left Lateral

834-878 cGy

1050- 1080 crG

Posterior

Figure 9 Placement of thermoluminescent dosimeters on vertebral
bodies with superior view dose distribution for lumbar levels
2, 3, and 4 Arrow represents direction or photon beam
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TLDs appeared to be in the direct field with their TLD readings of
912 cGy and 1077 cGy, respectively. The right lateral TLD reading of
309 eGy on LI was more likely to be scatter as were the readings of
77 cGy and 95 cGy on the anterior and right anterior TLD strip. The
results suggest a gradient of as much as 550 cGy :1300 cGy (given
dose) minus 738 cGy (lowest viable anterior reading). The adjacent
lumbar levels of one and five received approximate dose levels of
300 cGy from scatter.



24

Blood Analysis

Complete blood analysis was completed on blood collected from
the subjects on nine different occasions: the week prior to the
radiation treatment, each week for three weeks after and every two
weeks until necropsy. Approximately five cubic centimeters of blood
were drawn and placed in EDTA treated tubes to prevent clotting.

Fourteen different routine analyses plus differential counts were
completed on each sample. These included white blood cell count,
red blood cell count, hemoglobin, hematocrit, mean Corpuscular
volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin

concentration, neutrophil, bands (precursors to mature white blood
cells), lymphocyte, monocyte, eosinophils and platelet counts. This
analysis was done primarily to assure that the animals were in good
health and that the radiation did not affect them adversely. This
was not expected, as the radiation was directed to a localized position

and it would be unlikely that there would be any significant of the
hematopoietic radiation syndrome. However, it has been observed
that localized radiation can cause generalized skeletal repsonses, such
as hematopoiesis (Werts " 1977; and Maeda Mal. 1988).

Results
The animals remained in good health following the radiation

treatment. There were no observed hematopoietic effects due to
the radiation treatment. The reference values used for rhesus

monkeys blood counts are included in Appendix 1.
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Biomechanical Testing

Vertebral centra compression tests were completed on lumbar
levels L2 and L3 to identify any changes in bone material strength
characteristics due to the irradiation. The compression tests were
performed axially to observe the ability of the bone to resist
crushing. The vertebral bodies were prepared for testing by
eliminating all surrounding soft tissue including muscle, ligaments
and all intervertebral disc material. The processes were removed,
including the lateral processes and the posterior process at the base
of the pedicle. The prepared specimens were frozen in sealed plastic
bags for one month before testing. Anterior and posterior heights
were measured to the nearest 0.01 cm with a digital caliper and the
average of these measurements was used as the original height.
Magnified photographs (2X) of the superior and inferior bony end
surface were taken with a camera. Area calculations of each end
were done with a drawing tablet and computer system. (Zeiss
Videoplan II Analysis System, Carl Zeiss Inc., Thornwood, NY).
Polymethylmethacrylate (Perfex Repair Resin, International Dental
Products, Inc., NYNY) was used to fabricate thin pots to stabalize
both the superior and inferior surfaces of the vertebral centrum.
This ensured a parallel transmission of the load across the entire
bony surface and prevent slippage between the bony endplate and
the metal surface of the compression load cell. The compression
testing technique employed by Kazarian (Kazarian and Kaleps. 1979;
and Kazarian and von Gierke, 1981) was used. The compression tests
were performed with an MTS Universal Testing System (MTS
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Systems Corporation, Minneapolis, MN) equipped with a 100 KN load
frame (Model 312.21) and a 25 KN universal load cell (Model
661.214-01). Figure 10 shows the MTS set up with the vertebral
centrum in place between the polymethylmethacrylate pots and the
MTS load cell. Data was collected via a PDP 11-34 computer in the

form of load vs. displacement. The vertebral centra were
compressed to 50% of their original height at a load rate of 210
in/min. The raw data from each test combined with height and
average load area (calculated from end surface photographs) was
reduced to provide load displacement curves and values for

engineering strength parameters. The following is a list and
description of the parameters determined from the compression tests

as shown in Figure 11.

1. Modulus of elasticity - is the value of the stress strain ratio. It is

represented as the slope on the stress-strain curve. The stiffer a
material is, the higher the value of the modulus of elasticity and the

more difficult it is to deform.

2. YL.J sress - is the stress or force per unit area at the point
where the stress-strain ratio is no longer linear, a marked increase in

deformation occurs with respect to load, and plastic deformation
begins to occur.

3. Yi.el.d.stain - is the value of the strain or amount of deformation
divided by the original length at the yield point(a dimensionless

parameter).

4. Ultimate stress - is the force per unit area of load value at the

point of failure or the point when the material cannot recover.

5. Ultimate strain - is the value of the strain at the point of failure.

6. Stiffness - deals with the concomitant linear increase in
deformation with increasing load in the elastic region (until the yield

point).



C-

0i

0j



28

VERTEBRAL CENTRUM COMPRESSION TESTS

DISPLACEMENT TO
ULTIMATE LOAD

DISPLACEMENT TO
YIELD LOAD

C.)4

o

%ULTIMATE ULTIMATE

STIFFNESS LOAD . YIELD LOAD

DISPLACEMENT (IN)

FIGURE 11. Typical load test on a vertebral centrum

showing the method used to determine compressive

strength parameters from force/displacement curves.
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7. Xield load - is the load value at the yield point.

8. Displacement to yield load - is the amount of deformation that
occurs to the yield point.

9. Ultimate load - is the load value where failure occurs.

10. Displacement to ultimate load - is the amount of deformation
that occurs up to failure.

It. Energy to ultimate load - or toughness, is the amount of energy
expended to produce the failure, or the area under the curve.

Five of these parameters are derived from the remaining

parameters. The equations for calculating these parameters are:

Modulus = (Stiffness * 11)/A
Yield Stress = Yield Load/A

Yield Strain = Displacement to Yield Load/H
Ultimate Stress = Ultimate Load/A

Ultimate Strain = Displacement to Ultimate Load /H
where H equals the average of the posterior and anterior heights of
the pretest centrum and A equals the average of the superior and
inferior surface pretest area.

A two-factor analysis of variailciý was comptutd to test

statistical significance of the compression test tesults. Vatiation
between lumbar levels of L2 and L3 were calculated as well as
variation between treatment groups. The numerical results are

tabulated in Table 2. The means, standard deviations and sample
numbers were computed for the combined lumbar levels L2 and L3
as no difference was observed between the two. Combining data for
adjoining vertebrae may be done to aid in data reduction (France
1984). The P-values listed are derived from the analysis of variance
calculation for between treatment group variation. As noted, no
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statistically significant changes were observed in any of the

vertebral centrum compression strength parameters. (p ! 0.05)

S...I
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Histomorphometry

Histomorphometry, or the quantitative study of tissues in
association with bone labeling techniques, can give information about
growth and modelling or remodelling in the skeletal system. Static
growth parameters can be determined with any tissue samples, but
use of a bone labeling compound is necessary to measure dynamic
parameters. (Recker 1983; and Frost 1973, 1981)

Tetracycline HCI, x)lenoi orange and DCAF, used as bone
labeling compounds and ,administered intravenously, are taken up by

the "active" bone. "Active" bone is bone that is being laid down or
formed during the time of high serum label concentration. The label
is incorporated into the furming bone and will remain in situ until
resorption occurs at some later time. A special property ot these
labels is that they fluoresce when a tissue section is viewed under
ultraviolet light ( wavelength, = 400-449 rim). A labeling pattern is
produced by the administration of a bone labeling compound,

followed by a period of time without label (5-14 days optimum), and
then another day of label administration, followed by another period
without label prior to tissue collection. A typical sequence would be

denoted 1,14,1:14; of which 14 days represents the period of time
between doses of label and before tissue collection (Frost, 1983).

Growth rate is determined by the amount of tissue measured
between labels as a function of time. The following labeling
compounds were used:

I) Tetracycline hydrochloride, 15 mg/kg

2) Xylenol orange, I ml/lb body weight in a stock solution

containing 5% xylenol orange in saline
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3) Dicarbomethylaminomethyl fluorescein (DCAF), 30 mg/kg
body weight in a stock solution of saline containing 2% sodium
bicarbonate.

4) Tetracycline was again used as the fourth label.
These labels were administered by intravenous injection 21 days
prior (tetracycline) to irradiation and 7 days prior (xylenol orange) to

irradiation. The two final labels were administered 21 days (DCAF)
and 7 days (tetracycline) prior to necropsy. All ten animal subjects
were given the bone labeling agents.

The L4 vertebral body was placed in 70% ethanol overnight
followed by two new changes of 100% ethanol for a 24 hour period
each. Next, the vertebral bodies were placed in half methyl
methacrylate monomer (Fisher Scientific, Cincinnati, OH) and half
100% ethanol overnight at room temperature. During the following
two 24 hour periods, the sections were placed in a monomer solution
(consisting of I gm benzol peroxide and 100 ml methyl methacrylate
monomer) and refrigerated (35-40 F). The thin monomer was then
replaced by a thick monomer, consisting of 2 gm benzol peroxide,
100 ml methyl methacrylate monomer, and 40 gm
polymethylmethacrylate beads (Fisher Scientific, Cincinnati, OH) and
rnixed to the consistency of honey and refrigerated overnight.
Finally, a new solution of thick monomer replaced the old one and
the specimen was left for 3 days in a vacuum. The vacuum removed
air bubbles and the specimen was then embedded in hardened
plastic material. See Figure 12. A Reichert-Jung Polycut bone saw
(Model E, Heidelberg, West Germany) was used to plane off the
embedded vertebrae. (See FigLre 13.) Once the embedded
vertebrae was faced to the desired sectioning level, a length of
rubber resin adhesive (3M Company, St. Paul, MN) was applied to the

block face and all air bubbles were removed by smoothing the tape
down with a finger. As the bone saw begun to cut, the edge of the
tape was held so that the 10 micron section would be removed with
the tape. This procedure reduced shattering, damaging and
distortion of the mineralized tissue section (Hardt 1986). Four
contiguous midsagittal sections from each animal were then stained
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Figure 12. Lumbar 4 vertebrae embedded in
I polymethylmethacrylate and cut in half in preparation of thin slicing

on precision bone saw.

/Q

Figure 13. Polycut precision bone saw for cutting the embedded
vertebral sections to 10 micron thick slices.
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with mineralized bone stain (MIBS, Poly Scientific, Bay Shore, NY

11706) for 48 hours. The sections were rinsed in tap water, distilled
water, and then differentiated in 0.01% glacial acetic acid in 95%

methanol for 30 minutes. Finally, the sections were dehydrated in

95% alcohol for an additional 15 minutes. (Villaneueva 1989)

Mounting on glass was accomplished with Euparal mounting medium

(Roboz Surgical Instruments Co., Inc., Washington, DC). (See Figure
14.) One additional 10 micron, section was not stained, but was

mounted directly on a glass slide for analyzing the osteochrome

labeling, as the bone labeling washes out during the staining process.

The histomorphometric analysis was accomplished with a Zeiss

Photomicroscope I equipped with an HBO-50 watt Mercury

Illuminator for reflected and transmitted light (Carl Zeiss Inc.,

Thornwood, NY) as shown in Figure 15. Magnification for all

measurements was 100X. Histomorphometry was performed on four
midsagittal trabecular bone sections from each lumbar vertebral

body collected. Four separate trabecular bone histomorphometric

analysis sites were chosen for the lumbar 4 bone sections. (See

Figure 16.) In each of these four regions, sixteen microscopic fields
were used. A microscope field was 0.790 mm in width by 0.790 mm

in length and 0.624 mm 2 in area as shown in Figure 17. Each region
was divided into sixteen fields or eight fields in length by 2 fields in
height for a total regional analysis area of 9.986 mm2 . The location
of the superior region was determined by finding the lower most
portion of the superior bony endplate and moving down two full
fields. The eight field wide region was then centered between the
anterior and posterior edge. The inferior area was located in much
the same manner. Similarly, the anterior and posterior regions were
located two fields in from each edge. and centered between the

superior and inferior edge surface. Measurements were collected

and stored using a Zeiss Videoplan II Analysis System. This system

expedites measurements taken by making volume, area. and length

determinations, etc. A digitizing tablet and an operator controlled

cursor on the digitizing tablet are projected into the microscope
viewing field. The operator traces around the various bony

• im • e



Figure 14. Lumbar four vertebral section mounted on slide.

Figure 15. Zeiss photomicroscope and Videoplan computer system
used for histomorphometric analysis.
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MICROSCOPIC FIELD

-- Microscope view

4-Trabecu lae

S/area

FIGURE 16. View of the microscopic measurement field.
The circle is the view through the microscope. The square
represents the active measurement area of the drawing
tablet.
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HISTOMORPHOMETRIC ANALYSIS SITES

SUPERIOR

POSTERIOR ANTERIOR

I I

INFERIOR

FIGURE 17. Lumbar 4 vertebral centra midsagittal sections
illustrating location of histomorphometric analysis sites.
Each site is designated by its anatomical location.
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structures and stores these measurements into the adjoining
computer. The following measurements were collected for each
viewing field: (1) area of trabecular bone, mineralized and
unmineralized, (2) areas of holes and empty space within the
trabecular bone, (3) area of osteoid, or unmineralized bone, (4) area
of resorption spaces or Howship's lacunae with osteoclasts present,
and (5) mean trabecular wall thickness. Two additional
measurements were collected on the unstained sections to observe
the dynamic properties of the bone. These were 6) the distance
between double labels (under ultraviolet light) and 7) the length of
double labels (under ultraviolet light). These last two measurements
were collected by using labeling data from the entire slide. While it
was still divided into four regions (super;or, inferior, anterior and
posterior) the whole vertebrae was used to measure these two
parameters. From these individual measurements, a semi-automatic
stereology computer program computed volumetric density and
surface volumes along with lengths and perimeters. The
accumulative measurement data from all fields analyzed were
converted from two-dimensional to three-dimensional values
through principles of stereology (Parfitt, 1983b). Figures 18 through
21 picture examples of the desired parameters. Using this
information, the following parameters were chosen as a
representative array of possibly useful histomorphometric
parameters. These parameters listed below are proposed by the
American Society of Bone and Mineral Research to standardize the
terminology used for bone histomorphometry (Parfitt 1988).
Malluche's nomenclature is also included for easy transition.
(Malluche et al. 1982). Also see Table 3.

I. Bone volume, (BV/TV), %, or volumetric density of bone, (VV),
mm 3 /cm 3 , is the volume of mineralized and unmineralized bone per
volume of total bone, including marrow and trabecular bone.

2. Bone surface (BS/TV), mm 2 /mm 3 , or bone surface density of
bone, (SV), mm 2 /cm 3 , is the trabecular surface area per volume of
total bone.
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3. Trabecular thickness, (Tb.Th), gm, or mean trabecular diameter,
(D-trab), gm, is the average width of the individual trabeculae in a
unit volume of bone.

4. Osteoid volume per bone tissue, (OV/TV), %, or volumetric density
of lamellar osteoid, (V-VOS), mm 3 /cm 3 , is the volume of lamellar
osteoid (unmineralized bone tissue) per unit of bone tissue.

5. Osteoid surface, (OS/BS), %, or percent of trabecular surface
covered by lamellar osteoid, (%OS) represents the percent of
trabecular bone surface area covered by both active and inactive
osteoid. This parameter was determined by dividing the calculated
SV osteoid by the surface density of bone.

6. Osteoid volume, (OV/BV), %, or the relative volumetric density of
osteoid, (VVO), mm3 /cm 3 , is the volume of osteoid per unit volume
of trabecular bone. This parameter is determined by dividing the

calculated VV of osteoid by the volumetric density of bone.

7. Osteoclast surface, (Oc.S/BS), %. or percent of trabecular surface
exhibiting Howship's lacunae, (%OR), is the total trabecular bone

surface covered by resorption spaces, with osteoclasts. The length of
the resorption space divided by the perimeter of trabecular bone,
plus the perimeter of thc holes, determined this parameter.

8. Wall thickness, (W.Th.), 4m, or mean wall thickness, (MWTH),

gtm, is the mean distance between cement lines and a completed

bone surface.

9. Osteoid thickness, (O.Th), gm, is the average thickness of the

unmineralized bone.

10. Mean distance between double label, IMD-D), gm, is the average

distance between two labels for the analysis site.
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11. Fraction of trabecular surface exhibiting double label (LAB-TS) is
the fraction of trabecular bone surface overlying a double label of
osteochrome. This was determined by the length of double label per
the perimeter of trabeculae plus perimeter of the holes.

12. Adjusted appositional rate, (AjAR), pgm/day, or appositional rate
per year, (AR/Y), mm/year, is the average thickness of the layer of
new mineralized bone laid down per unit of time.

AjAR = MD-D/t; where t = the number of days between
the two labels

13. Bone formation rate, (BRF/BS), gnt3 /g.m2 /yr, or Malluche's
bone formation rate, (BFR-TS), mm 3 /(mm 2 x yr), is the volume of
now mineralized bone per area of trabecular surface per unit time in
yeais. BFR/BS = AjAR x LAB-TS x 365

The results of the histomorphometry are tabulated in Tables 4
thiough 11. Tables 4 through 7 represent the data collected from the
four stained slides from each animal for each different region:
superior, inferior, anterior, and posterior. Each region of 16
microscopic fields was considered a random sample of the whole
region and one sample number (N). Thus for the irradiated data
there are 28 samples, those being four slides per animal times seven
animals, and similarly for the control. A two way aaalysis of
variance was used as the stutistiual means to either reject or not
reject the null hypothesis. In eight parameters the null hypothesis
was rejected whikh stated that the means between th- treatment
groups were equal. These parameters were boic volume, bone
surface, osteoid surface, osteoid volume per bone tissue, osteoid
volume, bone formation rate, fraction of trabeculer surface exhibiting
double latel, and wall thickness. In these eight cases, Scheffe's t-test
was used to dctermine which pairs of means wvere different.

In Tables 4 through 7, it is indicated which parameter had
significant tinding from the Scheffe's t-test. An asterisk indicates a
significance level of p : 0.05 between treatment and control. Bont
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volume (BV/TV) was significantly decreased for the irradiated group

in the superior, inferior, and anterior regions. Osteoid volume
(OV/BV) was significantly greater in the irradiated subjects in all

regions but the superior region. However, osteoik surface (OS/BS)

significantly increased in all regions in the irradiated treatment
group. Osteoid volume per bone tissue (OV/TV) statistically
increased for the irradiated group only in the inferior region. Bone

surface (BS/TV) showed a significant decrease in the irradiated

group, only in the anterior region. As far as the labeling parameters
were concerned, the only observed changes were in the superior

region, where the fraction of trabecular surface exhibiting double
label (LAB-TS) was greater in the irradiated group (for the first set

of labels), and also the bone formation rate (BFR/BS), which was

calculated from the LAB-TS, was greater for the irradiated group as

compared to the control. These are shown in Tables 8 through 11.

Administration of the bone labels before the irradiation dose
and again prior to necropsy allows the subjects to be their own

contruI. Therefore, a paired t-test was calculated on the adjusted
appositional rate parameter (AjAR) and the only statistical significant
result between the pair of labels before treatment and the pair of
labels before necropsy was in the posterior region of the irradiated
animals. (p S 0.05) This would also represent a significant increase
in bone formation rate (BFR/BS) from the first pair of labels to the

second, as bone formation rate is calculated from adjusted

appositional rate. Bone formation rate (BFR/BS) has increased, in the
all regions, due to the radiation treatment, but was significant in

only the posterior region.
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Trabecular Pattern Measurement

Trabecular bone (cancellous bone) occupies more than 65% of
the total amount of bone in the human body. The trabecular bone in
the vertebra is constructed in a semi-organized structure of
horizontal and vertical supporting struts called trabeculae. It is
thought that there is possibly a greater loss of horizontal trabeculae
when in a stressed or disease state (Vesterby etLAI. 1989 and
Twomey ". 1983). The possibility of preferential wasting led to

the following examination as described by Twomey and associates
(1983).

Three perpendicular lines are drawn on the slides that were

used for the histomorphometry. One vertical and one horizontal each
intersecting the midline of the vertebral body and one additional
horizontal line midway between the horizontal center line and the
superior bony surface as in Figure 22. The number of trabeculae
intersecting each line were counted by examination through a 2X
magnification microscope, and the length of each line was measured
with a digital caliper. This resulted in number of trabculae per unit

length. This was completed on four slides for each animal.

The results were analyzed by an unpaired t-test with the

standard for ,ignificance at p 5 0.05. These results are tabulated ir,
Table 12, mean (X), standard deviation (S), and sample number (N).
Significance between irradiation treatment group and control group
is indicated by an asterisk. The horizontal trabecular pattern
measurement line (#2) that was centered in the upper quadrant was

significantly decreased for the irradiated treatment group
(p=0.0085). The one vertical trabecular pattern measurement line
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TRABECULAR PATTERN MEASUREMENT

S

HORIZONTAL
LINE #2

_HORIZONTAL

LINE #1

p A

VERTICAL
LINE #1

FIGURE 22. Trabecular pattern measurement analysis sites.
Anatomical locations are designated anterior (A), posterior
(P), superior (S), and inferior (I).
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which counts the number of horizontal trabeculae had also
significantly decreased in the irradiated treatment group at a P value
of 0.0005. The center horizontal trabecular pattern measurement
line (#1) was not significantly different between the irradiated and
control groups.
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_Densitometry of Radiographs

Radiographs for each of the ten animal subjects were taken
before the radiation treatment and just prior to necropsy. A graded
aluminum alloy wedge (0-12 mm in depth) was placed as close as
possible to the lumbar level of the animal while taking the
radiograph so that the image of this wodge is present on the
radiograph. (See Figures 23 and 24.) - With the use of this wedge
image and a Scanning Densitometer (Computerized Medical Systems,
St. Louis, MS-Model 8017050). densities of lumbar levels 2, 3 and 4
were to be determined. This is a procedure developed by the
Clinical Radiology Testing Laboratory (Yellow Springs, OH 45387) to
determine osteoporosis in patients. Wedges are sent to a radiologist
along with directions for propei film exposure. The films are then
sent back to the company and an assessment is made as to whether
the individual has osteoporosis. In this study, the scanning
densitometer scanned an area of 3 cm in width by 8 cm in length,
collecting data points every 0.5 cm. An Epson computer system and
a Dyrascan software program was used. The scans were normalized
to the wedge density reading which was the least dense, or greatest
densitometry signal.

Iso-density curves were plotted and analyzed by comparing
percentages. The radiographs taken prior !o irradiation treatment
(June 1989) had percentage values ranging from 30-60% with a
mode of about 50% as noted in Table 13. The radiographs that were
taken on the day of necropsy (November 1989) had values around
10-20%, with the mode of 10%. There were no observed differences



Figures 23 and 24. Anterior-posterior and lateral radiographs with
gradient aluminum wedge used for densitometry.
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TABLE 13

DENSITY PERCENTAGE RANGES FOR RADIOGRAPHIC
DENSITOMETRY MEASUREMENTS

Animal O GrouD Era FRT % Post FT %
JU Irradiated 40-50% 10%
N610 Irradiated 40-50% 10-20%
N626 Irradiated 50.60% 10-20%
N630 Ihradiated 40-50% 10-20%
N669 Irradiated 20-30% 10%
N680 Irradiated 40-50% 10%
N685 Irradiated 40-50% 10%
N620 Control 20-33% 10%
N626 Control 50-60% 10%
IN656 Control 40%. 10-20s

These percentages were normalized to the wedge.
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between the irradiated group and the control group. The differences

observed pre-to-post irradiation were due to the particular day (i.e.

processing and radiographic technique) in which the radiographs

were taken.
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DISCUSSION

This study addressed several questions. First, in what way is
trabecular bone responding to therapeutic dose levels of radiation?
Secondly, what activity or moiety at the cellular level is affected, and
is there a mechanism for repair? Thirdly, how does the resulting
change at the cellular level affect the strength of the bone and
ultimately the ability of the bone to overcome bone atrophy and
possible fracture? The first two questions have been addressed by
several authors and they all generally agree that the bone
remodelling ability of the subject was compromised, however, they
disagree on whether the irradiation affects the osteoblast function
(formation), the osteoclast function (resorption) or both. (Cox and
Moss 1989; .acobsson "l. 1985a, 1985b, 1985c; Engstrom etal.
1987, 1983; Albrektsson 1980; Ergun and Howland 1980; Anderson
MLA. 1979; Rohrer Ma1. 1979; Friedenstein Utlj. 1981; and Amsell
and Dell 1971, 1972) However, in all these studies, rats, mice or
rabbits were used as experimental subjects. The rodent family does
not undergo remodelling is the primate does. Their skeletal system
is in a constant state of modelling, as they have short lives and will
continue to grow through most of it. (Hert 1972) Hopefully, this
study will be able to correlate better the potential problems incurred
in patients that are exposed to ionizing radiation.

The rhesus monkey (macaca mulatta) was a good experimental
subject for this study. In addition to the close correlations with the
human's remodelling capability, the treatment procedures for
simulation and dose administration were handled very similarly as
would be done for any human patient. The single dose
administration was the major difference between standard human
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patient treatment and the irradiation treatment of the animal

subjects in this study. A fractionated dose scheme would more likely

affect the bone forming cells as these are present first as
osteoprogenitor cells, then osteoblasts, lining cells, and finally the
more radioresistant osteocytes. An osteoblast lives approximately 54

days in contrast the osteoclast lives 2-3 days and due to this lifespan,

cumulative doses to the osteoclasts would be expected to be lower

than the continual dose the osteoblast could receive. (Recker 1983;

and Polig and Jee 1986) However, logistical considerations did not

allow for daily treatment of the animal subjects. The linear

acceleration facility that was used is scheduled for patient treatment
between 8 a.m. and 5 p.m. Therefore, dose administration for the

subjects in this study had to take piMce after these hours. This study
was not funded and hence, the author had to request that the
veterinarian, medical physicist and radiation oncologist remain while

the animals were being treated. This was an exception and would

not have been practical for a six week period. Also, the radiation

therapy facility is not located near the veterinary housing facility.

The animals had to be anesthetized for the entire period in which

they were in the hospital, and while being transported to and from
the hospital. It was for these reasons that the single dose of 1300
cGy was administered instead of a fractionated regime. This was also

a pilot study which was intended to set an example for further
studies if necessary.

The results of the treatment planning and dosimetry reflect
slightly different findings. While the treatment plan evaluates the

ideal situation, the thermoluminescent dosimeter analysis reflected
the possible error in system set-up. Re-creation of the irradiation
treatment using a cadaver spine, water and TLDs (that cannot get

wet) was not an easy task. The results illustrate these differences in
the two analyses. The resultant dose from the scatter to the adjacent
vertebrae is between 300 cGy (as determined from the TLDs) and

500 cGy (as determined by the treatment plan). This dose was

measured with the TLDs at the center of these adjacent vertebrae

and obviously the scatter would be less as the distance from the

treatment field increased. The adjoining intervertebral discs, and
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most likely, some of the adjacent vertebrae, (LI and L5) were
included in the direct treatment beam. This was to ensure that the
treatment field did include all lumbar levels L2, L3 and L4. The dose
gradient across the field from posterior to anterior was calculated to

be- 150 cGy in the treatment plan. The TLD analysis determined the
gradient to be 550 cGy. However, the TLD measurements as stated
earlier were probably flawed by misalignment and movement of the
TLD chips. This could have only been verified by additional TLD
measurements. The average of the anterior doses as determined by
the treatment plan was 1100 cGy, therefore this will be accepted as
the minimum dose given to the lumbar vertebral levels of L2, L3 and
L4.

The biomechanical testing showed no statistically significant
differences between the irradiated and the control group. This
indicates that no significant decline in structural integrity of the
vertebrae should be expected from therapeutic doses in his range at
105 days following radiation treatment. It appears that in some way
the trabecular bone is still responding to the load that is applied
every day to the vertebra. In the absence of physical activity,
osteolysis occurs which results in bone resorption. Normally, this is
minimized by the osteogenic effect of mechanical loading in
accordance with Wolff's (1892) observation which states in general,
... that bone is remodelled in response to loading". The radiation
effect on the trabeculae is not the same on every individual
trabeculae, but there is a preferential wasting of the trabeculae that
are not critical to the maintenance of the structure. Finally, the bone
is responding as it would to induced loss of bone or a systemic
disease state. Only one parameter showed any change. The modulus
of elasticity was greater for the irradiated treatment group than for
the control group (p = 0.16). This is not significant, but might
indicate that the irradiated vertebrae have become slightly stiffer.
The modulus of elasticity is a measure of the ability of a body to
resist deformation.

Also supporting this biomechanical finding is the results of the
analysis of the trabecular pattern measurement. Since there were
volume changes in the amount of bone between the irradiated and
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control groups (decrease in the irradiated group), but no change in
the strength of the vertebiae in the axial direction, it was obvious
that the compromise of bone loss was being made in the transverse
direction. Similar results were observed in the horizontal vertebrae
of elderly adult subjects (Twomey L 1983). Because the

compression testing was completed in the axial direction, additional
measurements on the vertebral slide sections were made. By a
simple count of the trabeculae intersecting horizontal and vertical
lines, possible conclusions could be made about the loss of bone
volume and trabeculae (Twomey eLaI. 1983). The results of this
analysis clearly indicated that there was a preferential loss of
horizontal trabeculae in the irradiated vertebrae. (p = 0.0005) Also
observed was a statistically significant difference in the upper
quadrant horizontal line counts crossing the vertical trabeculae (p =
0.0085). Even with this great decrease in the supporting structure of
the vertebral bodies, their compressive strength integrity remained
intact in the axial direction.

The bistomorphometric analysis gave results about what was
occurring at the cellular level. The absolute amount of bone volume
(BV/TV) decreased by about 4% in the superior region of lumbar
four and there was a 5% decrease in the inferior analysis site (p =
0.0188). however, the relative changes (irradiated to control) were
greater. Also, in the anterior region, the bone volume decreased by
about twice as much, along with a significant decrease (p = 0.0115) in

bone surface area (BS/TV). Since surface area was decreasing, the
trabeculae were becoming thicker, but continuing to lose bone
volume. Mizuno and coworkers (1976) found similar results in case

analyses derived from surgical intervention. In some individuals
that already were diagnosed with osteonecrosis, thicker trabeculae
were found, along with an increase in the number of trabeculae.

These bone volume changes also help support the conclusion that the

dose to the anterior vertebra was close enough to the 1300 cGy

administered dose, as predicted in the treatment plan, to cause these

bone parameter changes.
Osteoid changes in response to irradiation were observed in all

regions. Osteoid surface per bone surface (OS/BS) significantly
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increased in all sites kp = 0.0001). Osteoid volume per trabecular
bone volume (OV/BV) increased (p = 0.0036) in all but was not
significant in the superior region, and osteoid volume per total bone
tissue volume (OV/TV) increased significantly only in the inferior
region (p=0.0423). These surface changes in osteoid observations
can be interpreted in different ways. The fraction of the total
surface occupied by a given subdivision (in this case, osteoid) is
equal to the average fraction of time for which this stage of
remodelling exists, providing that turnover is distributed randomly
across the surface and the bone is in a steady state. Thus, between
14% and 20% of the time, Ostooid is present on the surface of the
bone, and bone formation is occurring 14-20% of the time in the
irradiated animal subjects, increasing from the 2-7% observed in the
control animal subjects. Similarly, this can be applied to the bone
volume occupied by osteoid. For example, in the superior region the
osteoid volume per trabecular bone volume (OV/BV) is 2%. This 2%
represents the amount of time that the bone is ur,mineralized, and
98% of the time the bone in the superior region of lumbar 4 is
mineralized. When observing the amount of osteoid present, an
increase means either that activation frequency has increased or life
span has increased. These are two very different conclusions drawn
from one observation. The thickness of osteoid was observed in
these studies. Osteoid thickness significantly decreased (p = 0.0045)
only in the inferior region for the irradiated animal subjects, and
remained unchanged in the three other regions. An increase in
activation frequency or birth rate will increase the surface extent of
osteoid but not the thickness, whereas in increase in life span will
increase the thickness, but not the surface extent of the osteoid. In
the three regions: supetior, anterior and posterior there is only an
increase in the surface extent of the osteoid. This would indicate that
the activation frequency has increased as a result of the irradiation.
The inferior region decreased in osteoid thickness, as well as
increased on the surface extent of osteoid (OS/BS). This would
indicate a possible change in both activation frequency and life span.
Activation frequency has incrcased, but there is an observed
decrease in life span of the osteoid. This region also showed an
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increase in osteoid volume per bone volume (OV/TV), whereas the
other regions did not. Perhaps in this region, activation frequency
has increased as it did in the other regions, but this region is lagging
behind, as indicated by the thickness of the osteoid and the increased
osteoid volume per bone volume.

The information gained from bone labeling shows that there
were no significant changes in fraction of double label (LAB-TS),
adjusted appositional rate (AjAR) and bone formation rate (BFR/BS)
between the irradiated animals and the controls. The only significant
difference was in the superior region between the first two labels,
which were given before any irradiation, which signifies statistical
differences in the animals. There was a statistically significant
difference (p = 0.0044) between the adjusted appositional rate
(AjAR) in the posterior region between the first two labels and the
second two labels (This would also include BFR/BS, as it is calculated
directly from AjAR). An increase in appositional rate was observed
following the radiation treatment of about 40%. The other regions
also showed increases, but 'none statistically significant. The
osteochrome is only taken up when the bone is being mineralized,
and thus the increases in osteoid (unmineralized bone) may not be
reflected in the bone labeling changes. However, if there were an
increase in resorption prior to formation, the amount of label
observed on the irradiated animals should be much less, as it should
have been removed by the osteoclasts. This did not appear to be the
case because there were no significant differences in the number of
osteoclasts. However, the osteoclast count can be very uncertain. For
one, they are very hard to identify and secondly, they have a short
life in comparison to the osteoblasts. The only other' way to identify
resorption areats is to take measurements of the Howship's lacunae
with and without osteoclasts present. This is also uncertain, as it is
hard to determine if the area is truly a resorption area. Thus.
authors will present this data, with its' subjectivity evident.

Conclusions in bone remodelling also rely on whether the bone
is in a transient or steady state. In this case, the irradiated animals
were believed to be in a transient state. As there were no changes
observed in resorption. as there were in formation, it could be
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concluded that resorption, which comes before formation in the A-R-
F sequence, has already done its damage which resulted in an
increase in activation frequency for formation as well. Whether the
bone remodelling is in a steady state or not, does not matter when
the object of the study is to observe differences between the

treatment and control animal subjects. It is hoped that the bone
remodelling would return to normal. However, once bone is lost as
observed from space flight studies, there is very little chance of
regaining the original bone volume or cross-sectional area (Young 01

aL, 1986).
The radiographic density measurements demonstrated that the

capabilities of radiographic determinations are limited. It was
observed that *there were substantial differences related to the day
in which the radiographs were taken, which was presumably due to

the processing and radiographic technique of the film. The company
that supplies the gradient aluminum wedge sent a film chip, to
ensure the proper film darkness. However, this procedure did not
work in this study. Another source of error could have been due to

the thickness of the vertebrae, as the standard used for the
osteoporosis -identification (for this company) is the index finger.
However, these results were consistent with those of Rohrer and

coworkers (1980) who compared radiographs, bone scans, and

computed emission tomograms of rhesus monkey mandibles after
4500 cGy fractionated dose. Although histological changes were
observed these clinical screening techniques found no significant
changes. Therefore, other methods for density determinations would
be suggested for further studies.
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SUMMARY

The effects of therapeutic levels of radiation on the axial
skeletal properties of the primate were examined. Ten rhesus
monkeys (Macaca mulatta, 8 years old, 8.6 to 13.6 kg) were used as
animal subjects. A single dose of 1300 cGy, biologically equivalent to
a fractionated dose of 40 Gy was administered utilizing 6 MV
photons from a linear accelerator. The specific region of lumbar
levels 2, 3, and 4 were irradiated and studied. Three of the ten
animals were randomly selected as control subjects. The therapeutic
radiation exposure was administered to evaluate the possible clinical
complications associated with atrophy of bone and subsequent
osteoporosis following patient radiation treatment. In addition, these
changes would be clinically relevant for the orthopaedic surgeon for
procedures involving irradiated vertebrae.

Blood samples were taken to insure the general health of
animals before and after treatment. A complete blood analysis was
accomplished on the samples. Prior to the irradiation, radiographs
were taken with an aluminum gradient wedge for densitometry
measurements, and similarly just before necropsy. Bone labeling
agents were administered by IV injection to both the treatment and
control animal subjects for in vivo measurement of cellular changes.
The bone labels (tetracycline, dicarbomethylaminomethyl fluorescein

(DCAF). xylenol orange, and again tetracycline) were given before the
radiation treatment and again just prior to necropsy. The treated
animal subjects were sacrificed 105 days after irradiation.

Several methods for analyzing the effect of the radiation
treatment were used. Firstly, compression testing was completed to
determine the mechanical integrity of the bone. This perhaps i6 the
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most important and can give more information about the possible
chance of future fractures. Secondly, histoinorphometric analysis
was completed. With the use of bone- labeling tissue-time markers,
measurements of the rate of new bone formation at the bone forming

surfaces was made. Thirdly, densitometric evaluation was completed
on the radiographs. Finally, a trabecular bone pattern measurement

was taken on the indiv' -,al slides. used for the histomophometry.
This was used to help substantiate the hypothesis that preferential

wasting of the horizontal trabeculae was occurring, and is a
mechanism for the b, ae to maintain its compressive strength, while

continuing to lose bone volume. In .addition to the analyses to
determine the changes in the structural and cellular integrity of the
bone, radiation dosimetry was used to assess the dose administered
to the selected lumbar levels. " Both computer assisted treatment
planning and thermoluminescent dosimetry (TLD) were used to
evaluate the actual doses administered.

The TLD analysis was completed with five strips of five pairs of
TLDs. Each strip was placed on the vertebra in these locations:

anterior aspect of th. spine, left and right lateral aspect of the spine,
anad left and right posterior aspect of the spine. Each pair of TLDs
were located on a given vertebrae: LI, L2, L3, L4, and L5. Lumbar

levels 2, 3, and 4 were irradiated with 1300 cGy based on the

computerized treatment plan. Thermoluminescent dosimetry

evaluation suggested that the dose to the vertebra (12, L3, and L4) to
range between 738 cGy and 1300 cGy, at the anterior of the

vertebra. However, this range was affected by errors in TLD
placement and phantom positioning. Scatter to the adjacent
vertebrae (LI and L5) was approximately 300 cGy.

Compression testing was completed on lumbar levels two and
!hree at a rate of 210 in/min to a 50% reduction in height of the
vertebrae. All processes were removed, along with soft tissue so that

only the centrum remained. All centra were tested axially. There
were no significant differences between the irradiated and the

control animal subjects in any of the strength parameters.

Histtmorphomettic analysis was completed on lumbar level
four. Four slides were prepared for each animal and four analysis
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sites were examined on each slide: superior, inferior, anterior and
posterior. The following parameters were chosen to represent the
overall remodelling changes in the bone: bone volume per tissue
volume, bone surface per tissue volume, trabecular thickness, wall
thickness of trabeculae, osteoid thickness, osteoid volume per tissue
volume, osteoid voiume per trabecular bone volume, osteoid surface
per bone surface, number of osteoclasts per bone surface, mean
distance between double label, fraction of surface containing double
label, adjusted appositional rate and bone formation rate. The latter
four were determined from the bone labeling agents administered.
A significant decrease in bone volume was observed in the anterior,
inferior, and superior analytical sites. Bone surface per tissue
volume also significantly decreased in the anterior region. Osteoid

surface per bone surface significantly increased in the irradiated
animal subjects for all four analytical regions. Osteoid volume per
trabecular bone volume increased in all but the superior region, and
osteoid volume per bone tissue volume increased only in the inferior
region. Adjusted appositional rate (as well as bone formation rate
which is directly calculated from adjusted appositional rate)
significantly increased by 40% in the posterior region in the
irradiated subjects. This was measured by determining the
differences between the first two labels and the last two labels.
There waF also a significant difference in the fraction of double label
per bone surface between the treatment and control in the superior

analysis site, as observed witl the first two labels. This difference

can only be due to the lack of similarity in animals, as no radiation
dose was given at this time.

The radiographic density analysis was not useful in
determination of bone density loss. This was either due to a limited
ability of this type of analysis to resolve modest density changes, or
the thickness of the vertebrae and the surrounding soft tissue
reduced the sensitivity of this type of analysis.

The trabecular pattern measurement showed a decrease in the
number of horizontal supporting trabeculae, as well as a decrease in

the vertical trabeculae in the upper quadrant. This final analysis
helped substantiate the hypothesis that the vertebrae ca maintain
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it's axial strength by continuing to maintain the individual vertical
trabeculae, but decreasing the number of horizontal trabeculae while
a loss in bone volume is taking place. The conclusion that there is
preferential wasting is evident. This is very important in the clinical
situation, as it indicates that even though bone is being lost, strength
is not compromised. Consequently, the chance of fracture is lessened
in the trabecular bone that has been irradiated. This study only
measured changes in vertebra, and specifically the lumbar vertebra
of levels 2, 3, and 4 at 105 days post RT. The same conclusion could
not necessarily be drawn for cortical bone, and possibly not for the
rest of the vertebra either. The entire vertebral column is not
straight, and therefore not in absolute axial compression. This must
be taken into account when making similar conclusions concerning
other vertebrae. However, it is likely the same preferential wasting
would occur in other vertebrae, following irradiation treatment. In
addition, when examining late effects of radiation one actually
studies the daughter cells that are several generations removed from
the irradiated precursor cells. The irradiation may impair the
normal cellular activity for several generations. Additional changes
in bone remodelling could take place following this 105 day
observation period or normal bone turnover could follow, as
observed by Deffebach and Phillips (1968) at 5+ years post RT on the
eleventh thoracic vertebra.

In conclusion, local irradiation of the lumbar levels of 2, 3, and
4 to a therapeutic dose level brings upon changes in the bone
remodelling, specifically observed as activation frequency and

formation, and that these changes occur preferentially in the
horizontal trabeculae while maintaining the strength of the vertebral

centrum.
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APPENDIX 
1

Rhesus Monkey Reference Values

HEMOGRAM
Red Blood Cell (RBC) 4.33-6.75 /pL

Hematocrit (HCT) 31.9-49.0 %

Hemoglobin (HGB) 10.4-15.8 g/daL

Mean Corpuscular Volume (MCV) 67.3-78.8 fL

Mean Corpuscular Hemoglobin (MCH) 21.3-26.3 pg

Mean Corpuscular Hemoglobin
Concentration (MCHC) 30.6-34.4 g/daL

White Blood Count (WBC)* 2.66-14.3 /nL

Neutrophils 25-95 %
Lymphocytes 0-70 %
Monocytes* 0-7 %
Eosinophils* 0-4 %
Basophils* 0-0 %

Platelets 152-558 /nL

*Not normally distributed
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APPENDIX 2

Glossary of Terms*

aLL.r•aio-is equal to the dose D when cell killing in linear and
quadratic terms are equal on a cell survival curve

acid phosphatasae-a chemical found in bone and blood chemistries
generally associated with bone resorption

Al"v,.tio.n-stimulation of cell division and bone remodelling to take
place by an unknown agent or stimulus

alkaline phostphatase-a chemical found in bone and blood
chemistries generally associated with bone formation

aiw.rpk.-a wasting of tissues, diminished cell proliferation

i..Li-(Basic Multicellular Units) individual remodelling packets that
undergo the bone remodelling sequence together

bone marrow-the soft, fatty substance filling the medullary cavaties
and spongy extremities of the long bones

calcification front-the interface between the mineralized and
unmineralized bone

cancellous bone-denoting bone that has a lattice-like or spongy
structure

cement line-the interface where the bone resorption perimeter has
stopped and formation has begun to fill in bone

cngmaci bone-also known as cortical bone, generally found in the
appendages and surrounding all other bone
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foQrmatijon-following resorption, it is the final stage in the A-R-F
sequence of bone remodelling, where new bone is laid down in the
area where resorption had taken place

hematopoeitic-(hemopoietic) pertaining to or related to the formation
of blood cells

Howship's lacunae-a cavity where bone resorption has taken place
and the bone has been removed, denoted by a scalloped border

in situ-in position

in v ivo-in the living body, referring to a procress or reaction therein

in vitro-in an artificial environment (i.e. test tube or culture media)

labeling-the use of an identifiable substance which deposits in bone
tissue, and thus the amount of bone deposition can be measured

lamellar Lbon-bone that has been deposited following resorption. and
is arranged in thin plates or scales

Iinling .cI.s.. -previously called resting osteoblasts, lining cells are
osteoblasts that have completed forming bone in a particular area
and have now taken a flat oblong shape (end stage cells)

xi.i-the destruction of red blood cells, bacteria or other antigens by
a specific lysin

mineralilation-the process where unmineralized bone is calcified.
approximately 10-20 days following bone matrix deposition

modellint-bone growth occurring on the periosteal surface, primarily
growth

necrosis -irteversible death of a tissue

o.ste. ijj-inflammation of bone

as tebhal-columnar or cuboidal cells with basophilic cytoplasm
arranged in a continual one cell thick sheet that lays down the matix
of unmineralized bone
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.sleochrome- a bone labeling agent when in high blood level
concentrations becomes accessible to all free bone srufaces and
becomes encorporated into the mineralization front and remains in
the bone until resorption removes it- an osteochrome will fluoresce
when under ultraviolet light

osteQclas.L-a large, multinucleated cell with ruffled borders and
abundant acidophilic cytoplasm that solubize mineralized bone and
remove it

osteocytes-osteoblasts that were recently entombed in the
mineralized bone. and can continue to form new bone around them
for a period of time until the endosteal resorbing surface comes
closer and death occurs shortly before being resorbed

os.aid-bone matirx that has been formed, but is not yet mineralized

.g..site nia-decreased calcification of density of bone

glseooetrosis-charaterized by absence of osteoclasts resulting ip
thickened and dense trabecular bone and calcified cartilage leading
to decreased marrow space and anemia

os.LtR.QX.2p.i-reduction in the quantitiy of bone or atrophy of skeletal
tissue, resulting in trabeculae that are scanty and thin

osleop roJgenitor cell-more differentiated from a stromal cell and
possibly present during the quiescent or remodelling stage, this cell
will become an osteoblast

osteosclerosis&-abnormal hardening of bone

pa.g.teohlasi-a precursor cell or line of cells residing in hemopocitic
tissue that has the potential to differentiate into an osteoblast and
form bone

Lemode llin.-growth and resorption occurring on the endosteal
surface, where bone touches marrow

resoptona-the second in the A-R-F bone remodelling sequence
where bone is removed



86

.ignma-the time duration for the sequence of remodelling events to
take place

trabeculap-a small piece of the spongy substance of bone usually
interconnected with other similar pieces; the supporting structures of
bone forming a lattice

trabecular bone-bone that contains trabeculae, located in the
vertebrae, pelvis and the head of the femur

*Some of these definitions were taken from Stedman's Medical
Dictionary-. 24th Ed., Williams and Wilkins, Baltimore, MD, 1982.


